Introduction
/^N E of the most important aspects of the scientific work of Robert \^^H o o k e was his contribution to instrumentation (i), and the part this played in his natural philosophy may be crucial to our understanding of this problematic figure. To be sympathetic both to Hooke's genius and to his role within the scientific community, such a study must be more expansive and less precisely focused than we have so far allowed.
Too much concentration on Hooke's controversies has given us a distorted perspective on his work. Controversy illustrates where Hooke's work crossed that of others, not necessarily what he initially considered important, and in many cases when we look in detail, we find Hooke working on a much wider variety of possibilities than the subject of the argument.
A further distortion has come from a failure to remember and to take due account of Hooke's designated role within the scientific community. He was, during his most active and productive period, Curator of Experiments to the Royal Society. It was part of his professional duty to range over a wide field. As Curator he was expected to engage in a great variety of subjects, and to provide experiments, which included both instructive demonstrations of theoretical interest and examples of useful practical applications. His stated duties were to '. . . both bring in every day of the meeting three or four experiments of his own, and take care of such others, as should be mentioned to him by the society' (2) . O f course it was an impossible requirement, but Hooke set about fulfilling it as manfully as anyone could have. He had periods of greater and lesser application and enthusiasm, according to the state of his health and his current respect for the Society and its officials, but certainly many of the early meetings depended solely on Hooke for their original content. Christopher Wren wrote to Hooke in April 1665:
. . .1 know you are full of employment for the Society wch. you all-most wholy preserve together by your own constant paines. (3) For 10 February 1669/70, the Society's Journal has the following sorry entry:
Mr Hooke being absent, the society, instead of experiments, was entertained with the reading of some letters. . . (4) It is difficult, perhaps impossible, to judge the effect that the pressure of his office, and the weekly recurrence of the Society's expectations, had on Hooke's work during his most creative period-from the early 1660 s till the late 1670's. He was for ever being asked 'to get it ready, if possible, against the next meeting'. Certainly it led him to comment and contribute in small ways to a great many subjects. This in turn, given Hooke's personality, led to con troversy when other men, with either greater leisure or more precise ability or both, brought similar ideas-ideas that were perhaps not so very uncommon-to a greater perfection.
As well as helping us to understand Hooke, our study ought to contribute to wider questions in the history of scientific instruments. Hooke must, after all, be a crucial figure in any study of the role of scientific instruments in the second half of the seventeenth century. Certain features of his work come to mind immediately-microscopy, the air pump, the universal joint, some disputed contributions to horology-but these are only a small fraction of the whole. In considering Hooke's role in the development of scientific instru ments, we must again keep in mind his office, as well as his own inclinations. He was a link between the natural philosophers and the instrument makersperhaps really at home with neither the one nor the other. The Society, and Hooke in particular, emphasized the importance of such a liaison, but only he really carried it on.
This dual intellectual role reflects also a social reality in Hooke's life. The fact that he was an employee to some extent determined his relations with the gentlemen of the Society. When he was first appointed, '. . . it was ordered, that Mr. Boyle should have the thanks of the society for dispensing with him for their use' (5), and as well as being ordered weekly to produce this or that, he could be admonished 'for the neglect of his office' (6)-something that could not have happened to the other officers, President, Treasurer and Secretaries. It was later decided that Hooke should be paid in arrears and on the basis of his performance (7) . The Society's attitude to Hooke, and his attitude in response, changed gradually as time progressed and Hooke became more fully one of the community, but it is an aspect of his role that is too easily forgotten. In some respects we can regard Hooke as a natural philosopher, discussing scientific questions among his peers; but in others we can see a mechanic revealing his inventions and contrivances to the Royal Society and expecting their protection in return, which was something that the Society did not always appreciate.
H ooke's instruments
The central portion of this paper will be a survey of Hooke's work on instrumentation-of necessity selective to some extent, but intended to give an appreciation of Hooke's scope, of the range of subjects that his talent could command. Together with the references, it should also be a starting point for more detailed studies of particularly significant areas.
I will begin by mentioning some of the instruments of natural philosophy, but must admit that the boundary between a piece of experimental apparatus and an instrument is often difficult to define. Sometimes Hooke simply provided the Royal Society with an experimental demonstration of a phenomenon; sometimes, however, a demonstration led him to a method of measuring a particular property, and in turn to an instrument. Thus it is not always easy to say when a demonstration ends and an instrument begins.
Hooke's improvement of the air-pump and his contributions to microscopy are already well known. The air pump pre-dated the Royal Society, but the Society actively encouraged Hooke's microscopical work. The nature of Hooke's microscopy was to some extent determined by the work of others, at first Wren and later Leeuwenhoek (8) . O f course the air pump naturally provided many of the Society's experiments, and its accessories included a chamber large enough to take Hooke himself (9) . As well as trying the effects of evacuating the air from unfortunate specimens, Hooke also provided the Society with 'an engine . . . for trying many experiments of which engaged them during 1663, and was resurrected and repaired in 1678 (10).
In 1664 Hooke was busy with the refractometer described in Micrographia and reported a great many results to the Society (n). Several of his instruments relate to investigations of terrestrial magnetism (12) , and one particularly interest ing example was for measuring magnetic force, to discover how it fell off with distance (13). I will come back to this instrument later.
Some of the various scales Hooke contrived had practical purposes (14) , but others were instruments of natural philosophy-measuring, for example, the variation of gravity with distance, or the specific gravities of liquids (15) . Two different scales for the latter purpose were shown to the Society in 1677, and the 'air-poise' of 1678 was for measuring the specific gravity of the air and its variations (16) .
In m e c h a n i c s , as we understand the term, there was an instrument to measure the 'force' exerted by a falling body in 1663 (17) , and another device-an ingenious one-for measuring times of falling bodies in 1664 (18) .
We can include Hooke's meteorological instruments within natural philo sophy, as tools for compiling a natural history of the air. There were several devices for magnifying the motions of the , including the well-known wheel-barometer of 1663 (19) . There were various the most successful being that moved by the beard of a wild oat, which the Society thought suitable for the King's entertainment (20) . Hooke worked on produc ing standards of hot and cold for thermometers (21) , on a wind-gauge (22), on various self-recording instruments (23) and, of course, on a weather-clock (24) .
It took him almost fifteen years to produce the weather-clock before the Royal Society. In September 1664:
It was ordered . . . that Mr Hooke should contrive a pendulum clock applicable to the observing of the changes of the weather, as well and as cheap as he could, for the use of the society. (25) There were many reminders before Hooke eventually complied in May 1679. Interestingly, on its first planned appearance:
A stranger being present, the weather-clock now finished by Mr Hooke was omitted to be shewn till the next meeting. (26) Incidentally, a portable barometer of 1664 was not meteorological at all, but was designed as a convenient device for demonstrating the variation in the height of the mercury with altitude (27) . An anemometer of 1683 was primarily related to questions of sailing (28) .
O f course, as well as being investigative, Hooke's meteorology had also a practical end-that of 'prognosticating' the weather. His marine barometer of 1678 was a purely practical device-an attempt to make use of the barometer at sea, while avoiding the inconvenience of the standard arrangement (29) . His basic idea was to exploit the difference in readings between the thermometer and the weather-glass.
If Hooke's meteorological programme would extend the Society's natural history to the air, his instruments of oceanography would cope with the sea. There were a variety of depth-sounding instruments (30) , devices for sampling the sea and the sea-bed (31), and instruments proposed for measuring underwater pressure and temperature (32) . There were also schemes-and indeed attempts-to facilitate working under water (33) .
I want now to mention some of the more practical devices and here, as before, we come upon a boundary that is difficult to define-that between a scientific instrument and a technological appliance.
The microscope and the air pump we regard unhesitatingly as scientific instruments-they are tools in the investigation of nature. Hooke's 'instrument for making cyder' (34) we would, I think, equally unhesitatingly regard as a practical appliance and not a scientific instrument. Where then do we place much of Hooke's work on horology, which we might instinctively want to include in any treatment of instrumentation? Although there were applications to the science of astronomy, much of Hooke's contribution was not based on what we could regard as scientific considerations, and was aimed at a purely practical end-finding longitude at sea. Equally instinctively his trumpet (35) seems at first consideration a practical appliance, yet it originated as a wind-detector-'an instrument for collecting the wind, or for making the slower motions of the air more sensible' (36)-and the application as an eartrumpet was, like the microscope, an attempt to improve the acuteness of human senses, which Hooke regarded as the chief function of scientific instru ments.
In fact the whole notion of this boundary is anachronistic. Hooke rather distinguished 'science' from 'art'-'science' was the study of nature, 'art' the imitation or manipulation of nature-and under 'art' he gathered together examples that we might regard as qualitatively different (37) . These included techniques of navigation and shipbuilding, horology, the use of microscopes and telescopes, along with the processes of making bread from corn and wine from grapes.
Having made this point, I will in fact pay more attention to scientific instruments as we understand them, because there is more to be learnt from them, but we must not entirely forget the variety of carriages (38) , the air gun (39), the whale-shooting engine (40) , or the ' ' (41). One of Hooke's most valuable contributions to practical mechanics was, of course, his universal joint-first introduced to the Royal Society in March 1666/7 as a very easy and simple but universal instrument to describe all kinds of plane dials'-but Hooke pointed out at the time the great variety of its potential applications (42) . It reappeared later in the Animadversions in connec tion with the drive for his equatorial quadrant (43) , and in Helioscopes both as part of a dialling instrument and as applied to his lathe or 'turning engine', not described in detail (44). Hooke's ' engine for determining the force of weight' of 1663 was a less enduring achievement, but excited more interest at the Royal Society (45) . His ' arithmetical ' of 1673 merits the unusual entr in the Journal that it 'was applauded' (46) .
His practical contributions could be more directly related to scientific problems, as with the lens-grinding engine explained to the Royal Society in 1664 and described in Micrographia the following year (47) . The Society was less convinced by his later engine, of 1669, for grinding elliptical and hyperbolical lenses-the forms prescribed by optical theory-though such an engine was actually made (48) . The wheel-cutting e n g i , which the Roy in 1664, was another example of Hooke trying to contribute to the methods of established trades (49) .
In one respect Hooke was a professional mathematical practitioner in his own right, as one of the surveyors appointed by the City after the Fire. Some of his practical devices were surveying instruments-principally a way-wiser (50), shown to the Royal Society in 1671 (self-recording, incidentally, and to be applied to a carriage, but described as an 'instrument for surveying') and a number of l e v e l s ( 51) . The series of lamps Hooke showed to the Royal Society and described in Lampas (52) might superficially be regarded as one of the most domestic and least philosophical of his undertakings. Yet the common requirement to supply the fuel evenly in proportion as it is consumed, makes each example really an exercise in hydraulics, and their supposed applications were not simply domestic, but to incubators and various chemical and metallurgical processes. Also, by substituting water for oil, he thought that such devices could be used as governors regulating any slow motion. Indeed it is typical of Hooke that he used experiments illustrating the principles applied in these lamps in so meta physical a cause as a refutation of the 'Hyclarchick Spirit' of Henry Moore, but I will come back to this later.
I have left one group of instruments to the end of this survey, as represent ing the single subject to whose instrumentation Hooke devoted most attention, namely astronomy, and it is difficult to separate from this his work on horology and navigation. His output on astronomical instruments has a greater significance than has generally been allowed.
His navigational instruments-apart from 'a new kind of ' of 1666 (53), marine quadrants (54) , and several drawing instruments related to hydro graphy (55)-were all concerned with a solution to the longitude problem. His log was, he decided, useless as a practical solution, since it could not distinguish the effects of currents (56) . His other solutions were direct applications of either astronomy or horology (57).
Hooke's horology is, of course, a difficult and sensitive subject (58) . Contro versy then and now centred around three of its aspects-the application of a spiral spring to a watch balance, a clock regulated by a conical pendulum, and the anchor escapement. On the balance spring I have nothing new to say. Certainly Hooke worked on the application of springs in the search for a timekeeper for finding longitude, but we cannot pin down this interest firmly to dates and designs (59).
One of his more understandable claims concerned regulating a clock by a conical pendulum, for certainly he had such a clock going in July 1666, and he spent some time improving it through till the following February (60). It seems that he was able to arrange an isochronous motion, though whether he had a full demonstration of the mathematics involved is more doubtful. Imagine Hooke's dismay when he found that the Horologium oscillatorium contained:
. . . a short Description of a circular Pendulum with somewhat about the Explication of it, without naming me at all, as concern'd therein, though I invented it, and brought it into use in the year 1665, and in the year 1666, I communicated it to the Royal Society, at their publick Meetings. . . (61) As for the anchor escapement, again matters are vague, but it is sometimes said that there is no evidence for Hooke's claim, related by Derham, that he invented it and showed it to the Royal Society soon after the Fire (62) . There are entries in the Society's Journal for January 1667/8-not so very long after the Fire-concerning Hooke's . . . new contrivance of promoting the vibrations of pendulums, so as to prevent all checks, which he affirmed to have been provided against by no invention hitherto. (63) O f course, we cannot say that this was an anchor escapement, but it may well be the source of Hooke's claim. The advantage of the anchor over the verge was the greater freedom it allowed the pendulum.
Yet if we look more thoroughly in the Journal, there are quite a number of other references to Hooke producing a piece of horology. In some cases we are told the basic principles-such as his magnetically regulated watch for the longitude of 1666 (64)-but in others we are left to guess at a clock or watch, 'newly contrived by Mr. Hooke'. These were the examples not later highlighted by controversy.
The other methods for finding longitude that interested Hooke were based on astronomy, and his contribution to the instrumentation of astronomy has a significance that has not been properly acknowledged.
Hooke made a number of miscellaneous suggestions for adapting or improving telescopes, such as his method of shortening telescopes by reflections and its application to a helioscope (65). I will not mention all of these individually (66), for his real importance lies in his championing of new methods of precision astronomy. There were a variety of micrometers, applied to different uses and situations, such as his zenith telescope (67) . There was a whole series of precision instruments of different sizes, produced before the Society, as schemes or in finished form, such that it is difficult to decide how they relate to each other (68) . All were, of course, equipped with telescopic sights, and were designed for taking angular measurements-some requiring two observers, some only one, and some small enough to be taken to sea. The inception of all this work probably dates from a Royal Society programme of 1663 to survey the Zodiac, and it was aimed at using the motion of the Moon as the basis of a longitude method.
The Animadversions on the Machina Coelestis of Hevelius, in which he argues persuasively for the use of telescopic sights, in preference to the open sights used by Hevelius, is Hooke's most important publication on instrumentation. His basic thesis is that Hevelius has not advanced astronomical instrumentation beyond the achievement of Tycho, because he is restricted by the sensitivity of the naked eye, and that the application of telescopic sights makes possible in struments both smaller and more accurate. All of this is set within a general enthusiasm and optimism for the advancement of instrumentation:
. . . I would not have the W orld to look upon these [the instruments of Hevelius] as the bound or non ultra of humane industry. . . [Hooke then describes some of his own instruments] . . . These I mention, that I may excite the World to enquire a little farther into the improvement of Sciences, and not think that either they or their predecessors have attained the utmost perfections of any one part of knowledge, and to throw off that lazy and pernitious principle, of being contented to know as much as their Fathers, Grandfathers, or great Grandfathers ever did, and to think they know enough, because they know somewhat more than the generality of the World besides. . . Let us see what the improvement of Instruments can produce. (69) In the Animadversions Hooke describes his proposed mural , 'a very expeditious and exceeding accurate way of making a Catalogue of all the visible, as well as the most considerable Telescopical Stars in the Heavens' (70) . Declinations were to be taken from the limb of 30ft radius, divided by transversals, and right ascensions noted using his conical pendulum clock.
The Animadversions also has Hooke's greatest and most revolutionary proposal of all-his equatorial quadrant, equipped, of course, with telescopic sights, with Hooke's screw-adjustment for dividing the limb, with a bubble level, with an arrangement to allow one observer to sight down both tubes and adjust one all at once, and-most remarkably-with a clockwork equatorial drive controlled by his conical pendulum (71) . The whole was a marvellous conception. On 4 June 1674 he told the Royal Society that he hoped that an example of such an instrument would be finished very soon: That it was a quadrant so contrived, as to perform what could be required from any astronomical instrument; the particulars whereof he intended shortly to publish in print. He was desired to hasten the finishing of so noble and so useful an instrument; and to get it ready, if possible, against the next meeting. (72) The ideas that Hooke was sketching out here for a programme of observa tions (73) , and his proposals for the instrumentation to accomplish it, would bear fruit in time-in particular at the Royal Observatory that would shortly be established at Greenwich. Hooke was playing an important role in relation to the instruments and the programme at Greenwich. It is not relevant here that he was being unfair to Hevelius, or that the only instrument supplied to Flamsteed after a design by Hooke proved unworkable (74) . He was laying the foundations in the literature of ideas that would, with modifications of course, become important in later work.
T he conceptual role of H ooke's instruments
What are we to make of Hooke's enormous output of instruments, either proposed or executed? The references indicate that he sometimes made instru ments himself, but often used either a workman to help him or an instrumentmaker to work from his design. His only biographer has written:
In spite of the number and the importance ol the instruments that Hooke devised in the period before 1680, these must be regarded as by-products of a constant preoccupation with the basic general problems of science, especially the great contemporary problem of planetary motion and gravitation. (75) In arguing that Hooke's instruments were much more than by-products, I ought to tackle this specific question. His programme for a 'System of the W orld', which sketched, before the Principia, the basic ingredients of the Newtonian explanation of planetary motion, is probably regarded as his most theoretically significant contribution to natural philosophy.
The first statement of his programme came in 1666 at the Royal Society (76). Two years previously he had been working on measuring the variation of terrestrial gravity with distance, for which purpose he used his 'philosophical scales', whose principle was based on Hooke's law. These, he says, he specially contrived for the experiment, though we know that he also used a more con ventional set of scales. In 1666 these experiments became part of a much wider context, where the Earth's gravitation was extended to have an attractive influence on other heavenly bodies, and the attractive force of the Sun maintained the planets in their orbits. He proposed to compare the variation of gravitational attraction (instrumentally determined) with the variation of mag netic attraction with distance (also experimentally determined by a specially contrived instrument) and thereby, if their force laws coincided, 'epitomize', as he put it, all the phenomena of gravitation using a loadstone. The magnet would then provide a kind of workable demonstration of the cosmic gravitational force.
In the event Hooke used a different demonstration. The basic mechanical elements of planetary motion in Hooke's programme were a tangential inertial velocity and a central attractive force, and on 23 May 1666 he presented these in his paper 'concerning the inflection of a direct motion into a curve by a supervening attractive principle' (77) . The demonstration he gave them was the conical pendulum-a particularly apt one, for the pendulum, held to one side and released, does indeed have a central tendency, but if given a tangential velocity, can be made to move in a more-or-less elliptical orbit. There is a sense in which this experiment is Hooke's demonstration-according to the common rules of mechanical motions (to use an expression of his)-'that circular motion is compounded of an endeavour by a direct motion by the tangent, and of another endeavour tending to the center'.
In this critical example we find both that the conceptualization of the problem and solution is intimately linked with a mechanical demonstration, and that carrying out quantitatively the programme thus conceptualized is a matter-not for mathematical demonstration, as it was for Newton-but for experimentally applying the appropriate and specially designed instruments. When Hooke first published his programme for a 'System of the W orld' in 1674, he was still saying that the variation of gravity with distance, 'I have not yet experimentally verified' (78), and he was still trying to pursue the experi ments in 1681 (79), after he had already set Newton on the path to a mathematical solution. It is wholly typical of Hooke's mind that, less than a month after he had shown the Royal Society how the conical pendulum demonstrated the mechanical principles of planetary motion, he was showing them how it could be applied to a clock, 'moving without any noise, and in continued and even motion without any jerks' (80) .
Let us now go back to Lampas, where Hooke explains the hydraulic principles applied in his series of lamps. He uses one experiment (involving the delivery of water in a cistern from holes at different depths beneath the surface), in passing, to refute Henry More's notion of the 'Hyclarchick Spirit -the spirit of nature invoked in More's explanations of gravity and various other phenomena. The details of Hooke's argument are not important here, but the attitudes it reveals are. His conclusion is:
We see then how needless it is to have recourse to an Hyclarchick Spirit to perform all those things which are plainly and clearly performed by the common and known Rules of Mechanicks, which are easily to be understood and imagined, and are most obvious and clear to sense, and do not perplex our minds with unintelligible Idea's of things, which do no ways tend to knowledge and practice, but end in amazement and confu sion. (81) This was a fundamental principle of Hooke's natural philosophy-that only the 'common and known Rules of Mechanicks', as evinced by experiment and demonstration, were to be admitted in natural philosophy. This principle was not, in effect, that of the Cartesian mechanical philosophy, for Hooke's 'Rules of Mechanics' were often different from those of Descartes and were related more closely to what he could perform or demonstrate mechanically. This led to a principle of intelligibility, or of explanation, that to demonstrate, to control, to manipulate and to measure were a large part of what it meant to understand, and we find that Hooke's solutions to questions in natural philo sophy were often conceptualized around some demonstration, or application, or instrument.
Thus he goes on in Lampas to say:
. This is a clear statement of the intimate relation between Hooke as mechanic and as natural philosopher.
C onclusions
The role played by scientific instruments in Hooke's work has three facets; two of them fall within the standard Baconian' philosophy, but the third is more characteristic of Hooke himself.
First, instruments enlarge the senses and make them more precise and reli able; Hooke speaks o f 'supplying of their infirmities with Instruments, and, as it were, the adding of artificial Organs to the natural (83) . He included here not only the obvious examples like microscopes and telescopes, but also instru ments related, say, to magnetism, being used to investigate a phenomenon not directly sensible at all (84). Hooke's attitude is nicely epitomized by an expres sion in A nim adversions, where he refers to the many errors committed by the 'naked eye and unmachined hand' (85) .
Second, of course, there is the instrument as a useful device applied to a practical end.
The third facet was that typical of Hooke-the demonstration or instru ment as a conceptualization of a problem or the explanation of a phenomenon. In Hooke's 'method of improving natural philosophy' in the Posthumous works, at the end of a long survey of ways of discovery, he concludes with this one:
A most general Help of Discovery in all kinds of Philosophical Inquiry is, to attempt to compare the workings of Nature in that particular that is under Examination, to as many various, mechanical and intelligible ways of Operations as the Mind is furnisht with. (86) We saw him do this in his explanation of planetary motion and in Lampas. The mechanical demonstration had an explanatory power of its own; it could, for Hooke, be a 'demonstration' in a stronger sense than merely an illustration, but an account of the phenomenon, according to the common rules of mechanical motions.
How should we view Hooke's position in the general development of scientific instruments? He can best be seen as drawing on a long established tradition of instrumentation in the study and practice of the mathematical sciences in England, that goes back to Recorde and Digges and was fostered, for example, at Gresham College, and indeed, as appropriate to a Gresham mathematical professor, as furthering this tradition himself. But he, more than anyone else, also applied it to the new investigative attitude to nature that in England derived from William Gilbert and Francis Bacon, and had developed into the natural philosophy characteristic of the early Royal Society. It is in the confluence of two scientific traditions-the mathematical sciences on the one hand, and natural philosophy on the other-that Hooke's extensive contribu tion to instrumentation must be understood. He was not completely original in this respect, but he was certainly most prolific.
If this was the role of Hooke the natural philosopher, the fate of Hooke the mechanic is better known. Perhaps he sacrificed the one for the other, only to appreciate why, in his own words, 'the Arts of life had been too long imprison'd in the dark shops of Mechanicks themselves, & there hindred from growth, either by ignorance, or self-interest' (87) . Certainly his later lectures are punctuated by bitter outbursts on the fate of inventors-reviled and ridiculed, plagued by difficulties and conservatism, denied any benefit from their work, in the end only to see their inventions carried off by others (88) . One such seems particularly poignant, for in it Hooke applies his experimental philosophy in summing up the lessons of his life. In connection with proposed improvements in ship design and navigation, he says:
I am not insensible of the difficulties that attend any one that shall be an asserter of this Doctrine; I have experimentally verify'd the effects of propounding new Inventions to improve such as are at the present in vogue; witness the improvement of Astronomical Instruments, the Spring-watches, the universality of Gravity, and the motions of the Heavens, according to the Rules and Laws of Mechanical Motions. And yet after all the obloquy and reproaches, and unhandsome treatment I have met with for making those discoveries, I find the things themselves, in tract of Time, become to be approv'd, and come to be of general use. 
